Abstract -The dominant trend in U.S. nuclear plants is to use sequential (breakbefore-make) fast bus transfers. Our study indicates that there have been at least 54 bus transfer failures at U.S. nuclear plants between 1985 and 1989. This paper covers an analysis of the lessons learned from these failures and compares the alternate designs and practices that can improve bus transfer practices prevalent in the United States.
INTRODUCTION
Evaluation of operating experiences at nuclear plants is an important function of the United States Nuclear Regulatory Commission (NRC). Following the requirements of the Code of Federal Regulations all licensees of nuclear plants in the USA submit all reportable events to the US NRC in prescribed licensee event reports (LERs).
Our search through the data bank of all LERs between 1985 and 1989 identified 54 events involving failures of bus transfers to take place on demand. This prompted us to do an indepth study on the bus transfer practices prevalent in the USA and abroad; their merits and deficiencies; and the state-of-the-artdevelopment [l]. The salient features of this study are reported in this paper.
DISCLAIMER
This paper does not represent NRC's position on the subjects covered by this paper.
AUXILIARY POWER DISTRIBUTION SCHEMES
At nuclear plants, the medium voltage (between 2kV and 15kV) auxiliary load buses are provided with feeds from alternate power sources with provision for manual or automatic transfer between the power sources to ensure optimum availability of power to the auxiliary loads. Figures 1 through 4 represent the four basic schemes into which the nuclear plant auxiliary power distribution systems can be categorized from the bus transfer point of view.
In plants that have the auxiliary power distribution system shown in Figure 1 , both Class 1E and balance-of-plant (BOP) loads are normally fed from the main generator through the unit auxiliary transformer (UAT). Upon failure of the normal power supply, the auxiliary loads are automatically transferred to the offsite power source through a station startup transformer (SST).
In this scheme, on every nuclear unit trip, all auxiliary loads are subjected to bus transfer transients.
In plants that have the auxiliary power 91 WM 1 6 0 -2 PwRD distribution system shown in Figure 2 buses are normally powered from the main generator through the UAT as in Figure 1 . Thus, in this scheme, the Class 1E loads are not subjected to bus transfer at every unit trip, but the BOP loads are. The power distribution system shown in Figure 3 is very similar to the system in Figure 1 , except that it uses a dedicated generator breaker and needs only one SST. In the event of a unit trip, the generator breaker opens and the power supply to the auxiliary loads continues to be fed from the offsite power source through the main transformer (UT) and the UAT. Thus, this scheme eliminates all bus transfers on unit trips. This scheme is used at eight nuclear plants in the USA and is widely used in Europe.
Another way to avoid bus transfers on unit trips is by using the power distribution system shown in Figure 4 . Here both the Class 1E and the BOP loads are normally powered from the offsite power source through the SSTs. This scheme is used at six nuclear plants in the USA and at most plants in France.
BUS TRANSFER SCHEMES
The present-day bus transfer schemes have evolved over the years [3, 4] . In early power plants (non-nuclear) manual dead-bus transfers were used. Then, in the early 1950s the residual voltage bus transfer scheme gained popularity. In this scheme, automatic bus transfer takes place when the auxiliary bus voltage decays below 25 percent of its rated voltage.
In the mid-19508, the sequential automatic fast bus transfer scheme was introduced in the USA.
In this breakbefore-make scheme, a "b" or an early "b" auxiliary contact of the outgoing feeder breaker was used in the closing circuit of the incoming feeder breaker. This ensured that the outgoing circuit breaker would open before the incoming circuit breaker closed and thereby avoided paralleling of the power sources. This scheme usually has a dead band (the time period when both the feeder breakers are in the open position) between 4 and 10 cycles. This scheme is used at all nuclear plants in the USA except for the D. C. Cook Nuclear Plant and the Washington Nuclear Plant 2 (WNPZ). In many plants, the residual bus transfer scheme is used as a back up to the sequential bus transfer scheme.
Another type of fast bus transfer scheme is the simultaneous bus transfer scheme in which the operation of both the incoming and the outgoing feeder breakers is initiated at the same time. Usually this scheme has a dead band between 1 and 3 cycles. This scheme is used at D. C. Cook, WNP2, and at all nuclear plants in Sweden and Finland. In this scheme, if the outgoing breaker is slow in opening, or fails to open, then the two sources would be connected in parallel. In the Swedish design, if both sources are paralleled for more than 0.1 seconds, then both closed breakers will be signalled to open [l] .
At four nuclear plants in Canada parallel bus transfer has been used in response to generator mechanical trips, turbine trips, and reactor trips. At two of these four plants, simultaneous fast bus transfer initiated by electrical faults in main generator, main transformer, UAT, and SST has also been used, with residual voltage transfer as a backup.
In the United Kingdom, bus transfer operation has been eliminated by connecting the two auxiliary buses through an inductor during normal operation. One of these two buses is normally fed from the offsite power source through the SST and the second bus is fed from the main generator through the UAT.
Thus, during normal operation, the two sources are connected in parallel through an inductor.
In the event of failure of one of the two power sources, the inductor is bypassed by a normally open device.
ANALYSIS OF BUS TRANSFER FAILURES
The failures associated with bus transfers can be divided into two categories. The first category belongs to cases in which the bus transfers damage the equipment connected to the auxiliary buses, and the second category covers the cases in which the transfer does not take place on demand.
Failures in the first category are caused by the excessive voltage difference in magnitude and phase angle between the auxiliary load bus and the incoming power source. This excessive resultant voltage can cause transient current flows in the system which can damage the transformers, Even the present controversy over ANSI C50.41 criteria on resultant voltage is not of any concern in a simultaneous bus transfer scheme.
Supervised bus transfer:
The fast bus transfer schemes can be either a supervised or unsupervised type. These findings lead to the conclusion that one way of ensuring safe bus transfer under all operational conditions is to use supervised bus transfer schemes that use sync-check relays or microprocessor-based bus transfer systems.
In the past, the sync-check relays were of the induction disc type which are much slower than the static sync-check relays developed in the 1980s.
CONCLUSIONS
Although the current rate of bus transfer failures is not alarming it can be substantially reduced by incorporating some of the features mentioned in the paper. Reduction in bus transfer failures at a nuclear plant can lead to an improvement in availability of the plant auxiliary system which has a direct effect on the safe operation of the plant. 
